In this talk we discuss how the Zee-Babu model can be tested combining information from neutrino data, low-energy experiments and direct searches at the LHC. We update previous analysis in the light of the recent measurement of the neutrino mixing angle θ 13 [1], the new MEG limits on µ → eγ [2], the lower bounds on doubly-charged scalars coming from LHC data [3, 4] , and, of course, the discovery of a 125 GeV Higgs boson by ATLAS and CMS [5, 6] . In particular, we find that the new singly-and doubly-charged scalars are accessible at the second run of the LHC, yielding different signatures depending on the neutrino hierarchy and on the values of the phases. We also discuss in detail the stability of the potential.
Introduction
Radiative models are a very plausible way in which neutrinos may acquire their tiny masses: ν's are light because they are massless at tree level, with their masses being generated by loop corrections that generically have the following form:
where c encodes some lepton number violating (LNV) couplings and/or ratios of masses, Λ is the scale of LNV which can be at the TeV and therefore can be accessible at colliders, and i are the number of loops, where typically more than three loops yield too light neutrino masses or have problems with low-energy constraints (so typically i < 4).
In the Zee-Babu model [7, 8, 9, 10, 11, 12, 13, 14, 15 ] neutrino masses are generated at two loops, where the new scalars cannot be very heavy or have very small Yukawa couplings, otherwise neutrino masses would be too small.
We follow the notation in [12, 15] , where a complete list of references is given. The Zee-Babu adds to the Standard Model two charged singlet scalar fields
with weak hypercharges ±1 and ±2 respectively. The interesting Yukawa interactions are:
L Y = Yeφ +˜ f h + + e c g e k ++ + H.c.
Due to Fermi statistics, f ab is an antisymmetric matrix in flavour space, while g ab is symmetric. And the most general scalar potential has the form:
being H the S U(2) doublet Higgs boson. The potential has to be bounded from below, which requires that the quartic part should be positive for all values of the fields and for all scales. Then, if two of the fields H, k or h vanish one immediately finds
Moreover the positivity of the potential whenever one of the scalar fields H, h, k is zero implies
where we have defined
Eq. 6 constrains only negative mixed couplings, λ xH , λ hk (x = h, k), since for positive ones the potential is definite positive and only the perturbativity limit, λ xH , λ hk 4π applies. Finally, if at least two of the mixed couplings are negative, there is an extra constraint, which can be written as:
For a given set of parameters defined at the electroweak scale, and satisfying the stability conditions discussed above, one can calculate the running couplings numerically by using one-loop RGEs. The new scalar couplings λ hH , λ kH always contribute positively to the running of the Higgs quartic coupling λ H , compensating for the large and negative contribution of the top quark Yukawa coupling. Therefore, the vacuum stability problem can be alleviated in the ZB model. We show in figure 1 the allowed regions in the plane λ kH vs λ k , at the EW scale, if perturbativity/stability is required to be valid up to a certain scale.
To see how neutrino masses can be generated in this model, it is important to remark that lepton number violation requires the simultaneous presence of the four couplings Y, f , g and µ, because if any of them vanishes one can always assign quantum numbers in such a way that there is a global U(1) symmetry.
The neutrino masses (see fig. 2 ) can be written as:
whereĨ is an integral (see [10, 12, 15] for details.).
A very important point is that since f is a 3 × 3 antisymmetric matrix, det f = 0 (for 3 generations), and therefore det M ν = 0. Thus, at least one of the neutrinos is exactly massless at this order. Allowed regions in λ kH vs λ k , taken at the m Z scale, if perturbativity/stability is required to be valid up to 10 3 , 10 6 , 10 9 , 10 12 , 10 15 , 10 18 GeV (from light to dark colours). 
Constraints on the parameters of the model
In principle, the scale of the new mass parameters of the ZB model (m h , m k and µ) is arbitrary. However, from the experimental point of view it is interesting to consider new scalars light enough to be produced in the LHC. Also theoretical arguments suggest that the scalar masses should be relatively light (few TeV), to avoid unnaturally large one-loop corrections to the Higgs mass [5, 6] which would introduce a hierarchy problem. Therefore, in this paper we will focus on the masses of the new scalars, m h , m k , below 2 TeV.
Since one-loop corrections to Yukawa couplings (see figure 3 (top)) are order
one expects from perturbativity f, g 4π. The trilinear coupling among charged scalars µ, on the other hand, is different, for it has dimensions of mass and it is insensitive to high energy perturbative unitarity constraints. However, it induces radiative corrections (see figure 3 (bottom)) to the masses of the charged scalars of order
Requiring that the corrections in absolute value are much smaller than the masses (naturality) we can derive a naive upper bound for this parameter. Given that the neutrino masses depend linearly on the parameter µ, the viability of the model is very sensitive to the upper limit allowed for µ. Thus we choose to implement such limit in terms of a parameter κ,
and discuss our results for different values: κ = 1, 5, 4π. Several low-energy processes bound the couplings of the model [16, 2] , like those plotted in figure 4:
• a → b νν processes bound the f ab couplings, see fig. 4a (top). For instance, from universality, q |V uq | 2 = 0.9999 ± 0.0006, we get:
The same type of diagram gives rise to nonstandard interactions, which however are at most at the level of ∼ 10 −4 , and are therefore difficult to test [13, 15] .
processes bound the g ab couplings, see fig. 4b (middle). For instance, BR(µ − → e + e − e − ) < 1.0 × 10 −12 [16] gives:
µ −νν • − a → − b γ processes bound the f ab and the g ab couplings, see fig. 4c (bottom). For instance, BR(µ → eγ) < 5.7 × 10 −13 [2] implies:
Similar constraints exist for other combinations of couplings, see reference [15] for the complete list of processes and bounds on the couplings and masses.
There are also predictions for lepton number violating processes, in particular from 0νββ, which has just the typical light neutrino contribution (with m lightest ∼ 0): 
One obtains 0.001 eV|(M NH ν ) ee | 0.004 eV, outside reach of planned experiments.
• In Inverted Hierarchy, Analytically, once all these constraints have been taken into account, we can plug them into eq. 8 and do a naive estimate of the allowed scalar masses:
which implies:
As will be shown, cancellations in m αβ may occur depending on the values of the phases, and these lead to much lower scalar masses allowed, especially for IH.
Numerical scan
To check the analytical estimates of the model, we have performed a MCMC. There are 17 parameters:
• 9 moduli: 3 from f and 6 from g.
• 5 phases: 3 from g and 2 from f .
• the real and positive parameter µ, and m h , m k , the physical masses of the scalars.
We fix 2 f s and 3 g s in terms of the neutrino mixing angles and masses, which we vary in their 1σ range, and we take as independent phases those of the g eα couplings plus the Majorana and the Dirac phases of the neutrino mixing matrix. There are many parameters and few observations, being most of them bounds. We have implemented these bounds in the numerical analysis with a constant and a Gaussian part, which avoids imposing stepwise bounds or half-Gaussian with best value at zero that penalize deviating from null when this might not be supported. In the plots we show the regions with the total ∆χ 2 ≤ 6, which corresponds to 95% confidence levels with two variables. In figure 5 we show the plane δ versus m k in NH (top) and IH (bottom), for different values of κ: 1, 5, 4π from dark to light blue.
Similar plots exist for m h , and also versus the Majorana phase φ. As can be seen, the scalar masses are accessible at LHC-14 depending on the values of the phases. They are mainly produced via Drell-Yan processes. Their dominant decay channels, however, will depend on the neutrino mass hierarchy.
In the Zee-Babu model, from eq. 8, we know that neglecting m e m µ , m τ : 
and as the atmospheric angle is large, m 22 ∼ m 23 ∼ m 33 implies a naive scaling g µµ /g µτ ∼ g µτ /g ττ ∼ m τ /m µ . We have checked that this is indeed fulfilled for NH, while for IH it is not, as can be seen in figure 6 , in which we plot, for IH, log |g µµ /g µτ | and log |g ττ /g µτ | vs δ, and the naive scaling as red lines. This can be understood from eqs. 19, 20 and 21 and figure 7, which shows how m 33 is the smallest for δ ∼ π, and m 22 for δ ∼ 0.
In figure 8 we show the largest of the couplings g αβ versus m k : g µµ for NH (top) and g µτ for IH (bottom). Together with k → ee, these are the most promising channels for the LHC to detect the doubly-charged scalar.
In both hierarchies BR(k → eµ, eτ, ττ) are negligible. For instance, the constraint on |g ee g eµ | from µ → 3e implies that |g ee g eµ | < 2.3 × 10 −5 (m k /TeV) 2 , as seen in fig. 9 .
In IH one has to take into account that the channel k → hh is open, and this means that LHC-14 limits will not directly apply, as detecting the singly-charged h is experimentally much harder. We show in figure 10 the branching ratios of h, BR(h → eν, µν, τν), for θ 23 < 45
• (top) and θ 23 > 45
• (bottom). It will be difficult to test, as we always have a large SM background, like W → eν. If detected, the eν channel is the best option to discriminate between hierarchies. Notice also that there is a mild dependence on δ in the µν and τν channels for NH.
Conclusions
We have studied the ZB model in the light of the second run of the LHC, taking into account the new available data from low-energy and neutrino experiments, and from direct searches. There are a number of important points and conclusions worth remarking:
• There are many LFV processes, like µ → 3 e, µ → eγ and µ − e conversion, τ decays... which are probing the model, but which by themselves cannot rule it out.
• One of the most important predictions of the model is that there is one neutrino with m ∼ 0, so that the neutrino spectrum cannot be degenerate.
• In general, the scalar masses are accessible to LHC-14 in both hierarchies, but input information from neutrino experiments (hierarchy, δ, θ 23 octant) is crucial to really pin-down the model. In fact, if the spectrum is inverted and δ is quite different from ∼ π, the scalars will be outside LHC-14 reach.
• If any of the singlets is discovered, the model can be falsified using their decay modes and neutrino data (spectrum, δ, θ 23 ...). Complementarity of both direct and indirect searches is of uttermost importance. 
